Molecular typing. MLST was performed according to protocols archived on the 158
Campylobacter jejuni and C. coli MLST website (http://pubmlst.org/campylobacter/) and 159 according to previous work (7, 12). flaA SVR typing was done according to the methods 160 of Meinersmann et al. (35) . Sequence typing of the porA (cmp) gene was initially 161 performed in the manner of Huang et al. (28) . However, since we had some difficulty 162 obtaining full-length porA sequence using only the F3 and R3 primers for PCR 163 amplification, PCR amplifications and sequencing reactions were done with the primers 164 and methods used previously (6). Subsequent porA sequencing was done using the 165 primers, conditions, and methods set out on the Campylobacter jejuni MOMP database 166 (http://pubmlst.org/campylobacter/momp/), and sequence types were assigned by 167 querying the database with the sequences obtained. Note that the gene name, porA, is 168 used to describe the sequence type throughout. 169
The DNA used for all amplifications was prepared using a PureGene™ Genomic 170 DNA purification kit (Gentra Systems, Minneapolis, MN). Products were cleaned up 171 inclusion into the CGF typing scheme were identified by microarray-based comparative 186 genomics (51-53) and were selected based on a binary distribution (presence or absence) 187 in microarray data from many isolates. Of the genes that exhibited variable carriage in 188 these isolates, 43 were subsequently selected for the development of the CGF typing 189 method. PCR primers (Table 1) To generate a CGF fingerprint, the eight multiplex PCRs were performed on each 199 isolate using the primer sets shown in Table 1 Mississauga, Ontario) software. Separation conditions included using the AM320 method 208 with a 20 second injection time. The 15bp -3000bp alignment marker was used as the 209 internal standard marker and band sizes were determined using the QX 100 bp to 3 kb 210 DNA size marker (Qiagen, Mississauga, Ontario). These PCR results were converted to 211 binary values, with "0" representing absence of the marker and "1" indicating its 212 presence. Clustering of isolates was done based on the binary CGF data using the simple 213 matching distance metric and UPGMA method of clustering in Bionumerics version 5.1 214 (Applied Maths, Austin, Tx), using 100% fingerprint similarity for cluster definition. To 215 obtain an estimate of strain relationships at a slightly lower level of discrimination, data 216
were also analyzed at the 90% fingerprint similarity level, which organizes all types 217 related at ≥ 90% into single clusters without recalculating the dendrogram. 218
The data were also subject to a retrospective assessment of the relationships 219 between outbreak and non-outbreak isolates by removing loci that discriminated among 220 outbreak strains. The nine loci removed were Cj0057, Cj0177, Cj0421c, Cj0566, Cj0570, 221
Cj0763, Cj0860, Cj0967, Cj1585, leaving 31 loci in the analysis that were then used to 222 evaluate the entire database and creating a single CGF31 (100%) type containing all 223 outbreak isolates. 224
Analysis of data. Both the means and standard deviations of the number of isolates per 226 type were established for each typing method by using the SigmaStat 3.5 software (Systat 227 Software, Inc., Richmond, CA). The Chi squared test was also performed using this 228 software. Calculations of Simpson's Index of Diversity and Wallace coefficients (5) were 229 performed using the online tool at the Comparing Partitions website 230 (http://www.comparingpartitions.info/). The assumption of epidemiological 231 independence of isolates was not fulfilled within our data set. The term "discriminatory 232 power", as used in this work, therefore refers to the ability of typing methods to divide 233 the bacterial population into smaller groups, not the ability to distinguish 234 epidemiologically related isolates from epidemiologically unrelated isolates as in the 235
Simpson's Index of Diversity method of Hunter and Gaston (29) . 236
RESULTS

237
Descriptive statistics and discriminatory power of the typing methods. It is evident 238 from the descriptive statistics associated with the molecular typing methods that the 239 typing methods used describe the Campylobacter population under study in very different 240 ways (Table 2 ; see Supplementary data file 2). The least discriminatory methods were 241 flaA peptide type and the clonal complex, both of which created a small number of larger 242 groups. ST and flaA SVR typing resulted in the formation of a few large groups, with 243 many more isolates in smaller groups or constituting the only representative of a type. 244
The remaining methods did not produce any large groups and only a few small groups; 245 most isolates were the sole representative of their type. 246
Simpson's Index of Discrimination (Simpson's ID) was calculated for each typing 247 method (Table 3) . Since there is a trend toward using more than one type for analysis, all 248 on November 13, 2017 by guest http://jcm.asm.org/ Downloaded from permutations of types were analyzed, in combinations of two, three, and four types. 249 CGF40 (100%) alone was more discriminatory than any other single type or combination 250 of methods that did not include this measure. When CGF40 (100%) was excluded, any 251 combination of two types (eg. ST + FlaA SVR, ST + porA, FlaA SVR + porA, ST + 252 CGF40 (90%), etc.) resulted in a somewhat higher discriminatory power, with the 253 addition of a third and fourth method resulting in marginal increases in discrimination 254 among types. In contrast, the combination of one or more additional types with CGF40 255 (100%) did not provide much greater discriminatory power (Table 3) . Both clonal 256 complex and FlaA peptide were notably less discriminatory than other measures when 257 used alone; because these methods grouped ST and flaA SVR into broader categories, 258 their contributions to overall discrimination in combination with other typing methods 259
were not analyzed further. 260
Because the PFGE patterns produced using Sma I were only available for a subset 261 of the isolates, a second comparison was done using only isolates for which these data 262 were available (Table 4) The resulting CGF31 (100%) typing analysis grouped all outbreak isolates into 366 one type. It also proved to be the only analysis that was capable of differentiating 367 outbreak associated isolates from those with indistinguishable MLST, flaA SVR, and 368
Oxford porA types obtained from other geographic locations, obtained from other 369 sources, or isolated in other years (Table 5) isolates obtained in the sentinel site and two obtained in New Brunswick (Table 5) . These 374 isolates also shared indistinguishable MLST, flaA SVR and Oxford porA types with the 375 outbreak strain. Together these findings indicated that the analysis of Campylobacter 376 populations by CGF, whether using 40 or 31 alleles, assessed important biological and 377 epidemiological properties of the isolates analyzed. The findings also confirmed that the 378 only property of the CGF40 (100%) analysis that was responsible for incomplete 379 identification of all outbreak-associated isolates in a single type was a high 380 discriminatory power but not misclassification of isolates into inappropriate types. 381
Analysis of the dataset using CGF31 (100%) was not always helpful in detecting 382 clusters of isolates related by clonal descent. Most members of a group of 9 isolates with 383 CGF 31 (100%) type 14_4 had different STs, flaA SVR types, and porA types (sort 384
Supplementary data file 2 worksheet 1 to evaluate data). These particular isolates were all 385 C. coli and most were from animal sources. However, all three CGF analyses detected a 386 Some clusters of isolates were formed when all typing methods were combined, 422 very strongly suggesting a clonal descent for each cluster (Table 6 ). The largest group 423 found by using this analytic strategy was a group of 17/22 of the outbreak C. jejuni from 424
2008. This was expected given the extremely short duration and very precise location of 425 this point-source outbreak, which would have been detected by any one of the typing 426 methods. These findings validate the use of these typing methods for detecting 427 epidemiologically related isolates. The next largest group was a set of 10 isolates closely 428 related to the outbreak isolates, differing only in their CGF40 (100%) type. CGF40 429 (100%) was clearly differentiating important epidemiological differences in at least some 430 of these isolates; while 2 isolates from humans were obtained in 2008, the year of the C. Table 6 contained isolates from both  435 human and animal sources, further suggesting that molecular subtyping of isolates could 436 be an effective way of performing analyses for source attribution. Furthermore, the fact 437 that isolates with identical combined types were sometimes found in three years of the 438 four year period indicates that these types can be quite stable. 439
Use of typing for source attribution. These observations led us to ask whether 440
Campylobacter genotypes found in isolates from human cases were also found in non-441 human sources. These data have been summarized in Table 7 . Different methods differed 442 in the extent to which they were capable of assigning isolates to only a single source. 443 CGF40 (100%) assigned 93% of types to a single source, ST -85%, Oxford porA -75%, 444
and flaA SVR -70%. This property of the typing methods did not correlate perfectly with 445 the discriminatory power of each method, as ST was the least discriminatory of the four 446 methods (Table 3) . Furthermore, the difference in the frequencies with which each 447 method detected types associated with humans only, with humans and retail chicken meat 448 together, and with humans, retail chicken meat, and bovine manure, was significant at a 449 high P value (Table 7) . It was evident that each typing method associated isolates with 450 sources in somewhat different ways. For example, flaA SVR associated isolates from a 451 single type with human, chicken, bovine, and water sources, while none of the other 452 typing methods did. Other examples can be found in Table 7 . One of the unexpected surprises that arose in the analysis of these data was the 529 observation that the specific methods used for source tracking affected the results 530 obtained, significantly in some cases. This may just be the result of the small size of the 531 dataset, in relative terms, resulting in a bias in results that would disappear if thousands or 532 tens of thousands of isolates were to be analyzed. However, it may also be due to the 533 biological properties of the markers assessed in each typing method. Whereas the MLST 534 alleles are housekeeping genes not subject to diversifying selection (12), while the flaA 535 locus is; it is also associated with the virulence of the organism, and could theoretically 536 be associated with differences in host specificity, though there are currently few data to 537 support that hypothesis. It is possible that differences in the protein product of the porA 538 gene, the MOMP, may result in differences in function that affect host range or 539 environmental survival, and this could change the distribution of alleles in different hosts. 540
The MOMP is also highly antigenic and immunogenic. Finally, while the MLST assesses 541 variability in the core genome present in all C. jejuni or C. coli, the CGF40 (100%) and 542 related methods analyze the variable gene content of these species, a fundamental 543 biological and phylogenetic difference. Despite this, there is a very high congruence of 544 the two methods at the phylogenetic level. However, the differences in how these two 545 methods subdivide Campylobacter populations during source attribution studies might 546 on November 13, 2017 by guest http://jcm.asm.org/ Downloaded from stem from this underlying difference. Uncovering why different typing methods lead to 547 differences in source attribution could be a fruitful avenue for future research. 548
If the goal is to unambiguously and "correctly" assign types to specific hosts, the 549 CGF40 (100%) method is clearly superior. However, if the goal is to show which sources 550 could be responsible for human infections by including both source and human isolates in 551 a common type, one of the less discriminatory measures may be optimal. The conclusion 552 to be drawn from the results summarized here is that it may not be possible for both goals 553 to be accomplished using only one method This is a potential area for further 554 investigation. 555
We found a significant proportion of clusters of multiple isolates indistinguishable 556 by multiple types was comprised of isolates from both human and non-human sources. 557
Although the strongest association found was with retail chicken, other potential matches 558 were also observed. The detection of C. jejuni in a ground beef sample was unusual. This 
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However, the diversity of PFGE patterns is thought to limit the usefulness of PFGE for 570 outbreak detection (24). In addition to being highly discriminatory, perhaps too much so, 571
we found novel data in this work that PFGE on occasion also inappropriately groups 572
Campylobacter isolates that appear to be genetically widely divergent by producing an 573 indistinguishable banding pattern. This may provide an explanation for the finding that 574 indistinguishable PFGE patterns have occasionally been found in different outbreaks (46) 575 and probably renders the method unsuitable for longitudinal epidemiologic studies (16). 576
MLST provides a reliable predictor of clonality (12), correlates closely with the 577 results from multi-locus enzyme electrophoresis (45), and has been considered relatively 578 stable (10,11). There has been an increase in the frequency of use of the Oxford MLST 579 typing system for characterization of Campylobacter populations (31). The measure most 580 frequently used to describe these populations has been the clonal complex, which 581 describes groups of related STs (10,12) and which therefore has relatively lower 582 discriminatory power but can describe changes taking place over longer times and/or 583 larger geographical areas. We found additionally that clonal complexes can be very large, 584 potentially limiting their utility for case cluster detection (see Supplementary data file 2). 585
The ST provided a second, more discriminatory, output of the MLST. There were some 586 larger clusters, such as the ST 45 group, that could be further subdivided by additional 587 methods. It was therefore not clear whether ST alone would be adequate for providing 588 data appropriate for epidemiological analysis of clusters that would allow outbreak 589 detection. These outbreak investigation methods, including hypothesis-generating 590 interviews, case-control studies, and cohort studies, can be sensitive to the case 591 definitions, which include the specific identification of the genus, species, type(s), and 592 subtype(s) of the etiologic agent involved. 593 porA sequence typing could provide some additional discrimination (44) in some 594 cases and valuable support for clusters obtained using other methods. The results 595 presented here also confirmed our earlier observations (6) and in different locations (25). In an earlier study, the flaA SVR was only moderately 618 predictive of ST (13) and our results supported these findings. Recombination was found 619 to be frequent in the alleles targeted by both the Oxford MLST system and by the alleles 620 analyzed by Suerbaum and colleagues (47,49). Our data support this conclusion and 621 further suggest that alleles detected by the Oxford MLST may not be much more stable 622 than those detected by flaA SVR and porA sequencing (data not shown, but see 623
Supplementary data file 2). 624
The creation of the CGF methods has included a detailed theoretical treatment of 625 the optimal number and choice of loci, as well as extensive experimental development 626 and testing, both of which will be dealt with elsewhere. The basis for these methods is the 627 demonstration, using multiplex PCR reactions, of the presence or absence of genes found 628 to be variable in earlier comparative genomic hybridization/DNA microarray experiments 629 involving multiple C. jejuni isolates (51-53). The CGF type of approach has recently been 630 shown to generate epidemiologically relevant clusters in the analysis of VTEC isolates 631 (33). It can now be used prospectively for sentinel site surveillance of Campylobacter to 632 determine how robust it is as a real-time cluster detection method. 633
The CGF40 "suite" of methods or analyses -CGF40 (100%), CGF40 (90%), and 634 CGF31 (100%) -provided a flexible tool for acquiring data that could be analyzed 635 different ways to achieve different goals. We found the CGF40 (100%) measure to be 636 useful for predicting epidemiological relationships and to be phylogenetically 637 It should be emphasized that the CGF40 was not developed randomly, as are 676 many molecular typing methods, but was developed to replicate the phylogenetic 677 clustering of isolates based on much larger gene datasets. We have shown here that 678 changing the loci used, while it can be useful, can change the relationships among 679
isolates. The take-home message is that each set of loci used for assessing the 680 epidemiological relevance of relationships between isolates derived from molecular 681 subtyping data must be validated separately against the collection of isolates acquired 682 through surveillance. 
